> 

o 
en 



University of Wisconsin - iVIadison 



MADPH-99-1100 

February 1999 



COLLIDER PHYSICS* 



G^ ; DIETER ZEPPENFELD 

0^ ■ Department of Physics, University of Wisconsin, 

G> ■ 1150 University Avenue, Madison, WI 53706, USA 

E-mail: dieter@pheno.physics.wisc.edu 

Qj ' These lectures are intended as a pedagogical introduction to physics at e+e and 

P^ ^ hadron colliders. A selection of processes is used to illustrate the strengths and 

capabilities of the different machines. The discussion includes W pair production 
and chargino searches at e+e~ colliders, Drell-Yan events and the top quark search 
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1 Introduction 



Over the past two decades particle physics has advanced to the stage where 
most, if not all observed phenomena can be described, at least in principle, in 
(^ I terms of a fairly economic SU{3) x SU{2) x U{1) gauge theory: the Standard 

Q^ ■ Model (SM) with its three generations of quarks and leptonsB Still, there are 

0^ I major short-comings of this model. The spontaneous breaking of the Cice- 

ro ■ troweak sector is parameterized in a simple, yet ad-hoc manner, with the 

CL|| help of a single scalar doublet field. The smallness of the electroweak scale, 

V — 246 GeV, as compared to the Planck scale, requires incredible fine-tuning 
qj I of parameters. The Yukawa couplings of the fermions to the Higgs doublet 

,S^ • field, and thus fermion mass generation, cannot be further explained within 

the model. For all these reasons there is a strong conviction among particle 
physicists that the SM is an effective theory only, valid at the low energies 
presently being probed, but eventually to be superseded by a more fundamen- 
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j^ . tal description. 



Extensions of the SM include models with a larger Higgs sectorp'cl e.g. in 
the form of extra doublets giving rise to more than the single scalar Higgs reso- 
nance of the SM, models with exteuded gauge groups which predict e.g. extra 
Z-bosons to exist at high energiesp or supersymmetric extensions of the SM 
with a doubling of all known particles to accommodate the extra bosons and 
fermions required by supersymmetryU In all these cases new heavy quanta are 
predicted to exist, with masses in the 100 GeV region and beyond. One of the 
main goals of present particle physics is to discover unambiguous evidence for 
these new particles and to thus learn experimentally what lies beyond the SM. 
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While some information on physics beyond the SM can be gleaned from 
precision experiments at low energiesp via virtual contributions of new heavy 
particles to observables such as the anomalous magnetic moment of the muon, 
rare decay modes of heavy fermions (such as 6 ^ s-f), or the so-called oblique 
corrections to electroweak observables, a complete understanding of what lies 
beyond the SM will require the direct production and detailed study of the 
decays of new particles. 

The high center of mass energies required to produce these massive objects 
can only be generated by colliding beams of particles, which in practice means 
electrons and protons[[ e+e~ colliders have been operating for almost thirty 
years, the highest energy machine at present being the LEP storage ring at 
CERN with a center of mass energy close to 200 GeV. Proton-antiproton col- 
lisions have been the source of the highest energies since the early 1980's, with 
first the CERN collider and now the Tevatron at Fermilab, which will continue 
operation with a center of mass (cm.) energy of 2 TeV in the year 2000. In 
2005 the Large Hadron Collider (LHC) in the LEP tunnel at CERN will raise 
the maximum energy to 14 TeV in proton-proton collisions. Somewhat later 
we may see a linear e~^e~ collider with a center of mass energy close to 1 TeV. 

The purpose of these lectures is to describe the research which can be 
performed with these existing, or soon to exist machines at the high energy 
frontier. No attempt will be made to provide complete coverage of all the 
questions which can be addressed .experimentally at these machines. Books 
have been written for this purposed Rather I will use a few specific examples 
to illustrate the strengths (and the weaknesses) of the various colliders, and to 
describe a variety of the analysis tools which are being used in the search for 
new physics. Section starts with an overview of the different machines, of 
the general features of new particle production processes, and of the ensuing 
implications for the detectors which are used to study them. This section 
includes a theorist's picture of the structure of modern collider detectors. 

Specific processes at e+e~ and hadron colliders are discussed in the three 
main Sections of these lectures. Section ^ first deals with W^W~ production 
in e+e~ collisions, and how this process is used to measure the VF-mass. It then 
discusses chargino pair production as an example for new particle searches in 
the relatively clean environment of e^ e~ colliders. Hadron collider experiments 
are discussed in Sections || and |[ After consideration of the basic structure 
of cross sections at hadron colliders and the need for non-perturbative input 
in the form of parton distribution functions, the simplest new physics process. 



tThe feasibility of a \i^' iiT collider is under intense study as welll3 For the purpose of these 
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e+e~colliders. 



single gauge boson (Drell-Yan) production will be considered in some detail. 
The top quark search at the Tevatron is used as an example for a successful 
search for heavy quanta. Section g then looks at LHC techniques for finding 
the Higgs boson. Some final conclusions are drawn in Section g. 

2 Overview 

Some features of production processes for new heavy particles are fairly general. 
They are important for the design of colliding beam accelerators and detectors, 
because they concern the angular and energy dependence of pair-production 
processes. 

In order to extend the reach for producing new heavy particles, the avail- 
able center of mass energy, at the quark, lepton or gluon level, is continuously 
being increased, in the hope of crossing production thresholds. In turn this 
implies that new particles will be discovered close to pair-production threshold, 
where their momenta are still fairly small compared to their mass. Small mo- 
menta, however, imply little angular dependence of matrix elements because 
all cos 9 or sin 9 dependence is suppressed by powers of /3 = IpI/p*^- As a re- 
sult the production of heavy particles is fairly isotropic in the center of mass 
system. This is simple quantum mechanics, of course; higher multipoles L in 
the angular distribution are suppressed by factors of /3^^"'"^. 

Another feature follows from the fact that pair production processes have 
a dimensionless amplitude, which can only depend on ratios like M^/s, where 
M is the mass of the produced particles and -s/s is the available center of mass 
energy. At fixed scattering angle, the amplitude approaches a constant as 
M'^/s -^ 0. The effect is most pronounced when the pair production process is 
dominated by gauge-boson exchange in the s-channel as is the case for a large 
class of new particle searches, be it qq — > ti at the Tevatron, e+e" -^ ZH at 
LEP2, or qq annihilation to two gluinos at the LHC (see Fig. ||). s-channel 
production allows J = 1 final states only, which limits the angular dependence 
of the production cross section to a low order polynomial in cos 9 and sin 9. 
We thus have little variation of the production amplitude, i.e. 

M{s) ~ constant , (1) 

where the constant is determined by the coupling constants at the vertices of 
the Feynman graphs of Fig. |l|. 

Since the production cross section is given by 

pol 




g nT5W6^ 



+ 



t gnsws^ — <- 

(a) 






+ 



(c) 



fsinnnr g 

I . 

I 



' nsGM^ g 



Figure 1: Representative Feynman graphs for new particle production processes, (a) top 
quark production, qq — > tt and gg — > tt, (b) Higgs production, e+e" — > ZH, and (c) gluino 
pair production, qq ^ gg. 



approximately constant Ad implies that the production cross section drops 
like 1/s and becomes small fast at high energy, being of order a^/s ~ 1 pb 
at -s/I = 200 GeV for electroweak strength cross sections. This 1/s fall-off 
of production cross sections is clearly visible in Fig. |[ above the peak at 
91.2 GeV, produced by the Z resonance. The rapid decrease of cross sections 
with energy implies that in order to search for new heavy particles one needs 
both high energy and high luminosity colliders, with usable center of mass 
energies of order several hundred GeV and luminosities of order 1 fb~^ per 
year or higher. 

The most direct and cleanest way to provide these high energies and lu- 
minosities is in e+e^ collisions. For most of the nineties, LEP at CERN and 
the SLAG linear collider (SLG) have operated on the Z peak, at -^s ~ mz = 
91.187 GeV, collecting some 10^ Z decays at LEP and several hundred thou- 
sand at SLG. The high counting rate provided by the Z resonance (see Fig. |]) 
has allowed very precise measurements of the couplings of the Z to the SM 
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Figure 2: Representative SM production cross sections in e+e~ annihilation. For Bhabha 
scattering and final states involving photons, the differential cross sections dcr/d cos 6 have 
been integrated with a cut of 20° < 8 < 160°, in order to avoid the singular forward region. 
Note the Z peak and the characteristic 1/s fall-off of cross sections at high energies. 



quarks and leptons. At the same time searches for new particles were con- 
ducted, and the fact that nothing was found excludes any new particle which 
could be pair-produced in Z decays, i.e. which have normal gauge couplings 
to the Z and have masses M ^ mz/2. This includes fourth generation ijuarks 
and leptons and the charginos, sleptons and squarks of supersymmetrytl 

Since 1996 the energy of LEP has been increased in steps, via 161, 172, and 
183 GeV, to 189 GeV in 1998. About 250 pb~i of data have been collected by 
each of the four LEP experiments over this period, mostly at the highest energy 
point. The experiments have mapped out the W^W~ production threshold 
(see Fig. g), measured the W mass and W couplings directly, searched for the 
Higgs and set new mass limits on other new particles (see Section |^) . 

Why has progress been so incremental? The main culprit is synchrotron 
radiation in circular machines. The centripetal acceleration of the electrons 
on their circular orbit leads to an energy loss which grows as 7*/-/?, where 
R is the bending radius of the machine, approximately 4.2 km at LEP, and 



7 — Ee/nie is the time dilatation factor for the electrons, which at LEP exceeds 
10^. The small electron mass requires very large bending radii, which can be 
achieved with very modest bending magnets in the synchrotron. Scaling up 
LEP to higher energies soon leads to impossible numbers. A 1 TeV electron 
synchrotron with the same sviichrotron radiation loss as LEP (about 2.8 GeV 
per turn at ^/s = 200 GeV^ would have to be over 600 times larger. The 
future of e+e^ machines belongs to linear colliders, which do not reuse the 
accelerated electrons and positrons, but rather collide the beams once, in a 
very high intensity beam spot. The SLC has been the first successful machine 
of this type. The next linear collider (NLC) would be a 400 GeV to 1 TeV e+e" 
collider with a luminosity in the 10-100 fb~^ per year range. With continued 
cooperation of physicists worldwide, such a machine might become a reality 
within a decade. 

The easiest way to get to larger center of mass energies is to use heavier 
beam particles, namely protons or anti-protons. Their 2000 times larger mass 
makes synchrotron radiation losses negligible, even for much higher beam en- 
ergies. Thus, the energy of proton storage rings is limited by the maximum 
magnetic fields which can be achieved to keep the particles on their circular 
orbits, i.e. the beam momentum p is limited by the relation 

p = eBR . (3) 

The Tevatron at Fermilab is the highest energy pp collider at present, and so 
far has accumulated about 120 pb~^ of data, at a pp center of mass energy of 
1.8 TeV, in each of two experiments, CDF and DO. It was this data taking 
period in the mid-nineties, called run I, which led to the discovery of the top- 
quark (see Section 0). Note that the pair production of top-quarks, with a 
mass of mt = 175 GeV, will be possible at e+e^ colliders only in the NLC era. 
A higher luminosity run at 2 TeV, run II, is scheduled to collect 1-2 fb~^ of 
data, starting in the spring of 2000. And before an NLC will be constructed, 
the LHC at CERN will start with pp collisions at a cm. energy of 14 TeV and 
with a luminosity of lO'^^-lO^'' cm^^sec"^, corresponding to 10-100 fb"^ per 
year. 

Given these much higher energies available at hadron colliders, why do we 
still invest in e+e~ machines? The problem with hadron colliders is that pro- 
tons are composite objects, made out of quarks and gluons, and these partons 
only carry a fraction of the proton energy. In order to produce new heavy 
particles the cm. energy in a parton-parton collision must be larger than the 
sum of the masses of the produced particles, and this becomes increasingly un- 
likely as the required energy exceeds some 10-20% of the collider energy. Most 
pp or pp collisions are collisions between fairly low energy partons. Since the 
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Figure 3: Schematic drawing representing decay of a W"^ — + qq with subsequent parton 
showering and hadronization, leading to a dijet signature for the W in the detector. 



proton is a composite object, of finite size, the total pp or pp cross section does 
not decrease with energy, in fact it grows logarithmicaUy and reaches about 
100 mb at LHC energies. The high energy parton-parton colhsions, however, 
suffer from the 1/s suppression discussed before. Production cross sections 
for new particles are of order 1 pb (with large variations), i.e. 10^^^ times 
smaller. At hadron colliders, one thus needs to identify one interesting event 
in a background of 10^^ bad ones, which poses a daunting task to the exper- 
imentalists and their detectors. The much cleaner situation at e~^e~ colliders 
can be appreciated from Fig. 0: backgrounds to new physics searches arise 
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sections in the 1-100 pb region and thus not much larger than the expected 
signal cross sections. 

Whether new particles are produced in e^e^ or pp collisions, they are 
never expected to be seen directly in the detector. Expected lifetimes, r, and 
ensuing decay lengths, 7cr, are of nuclear scale and, therefore, only the decay 
products can be observed. A typical example is shown in Fig. g. A W^ boson 
has a decay width of Tw ~ 2.1 GeV and is depicted to decay into a ud quark 
pair (other decay modes are e"*"i^e, ^J'~^'^^J,■, t~^i^t and cs). The produced quarks, 
of course, are not observable either, due to confinement, rather they emit 
gluons and quark-antiquark pairs, which eventually hadronize and form jets 
of hadrons containing pions, kaons, and so on. The detectors have to observe 
these hadrons, measure the directions and energies of the jets, and deduce from 



here the four- momenta of the original W'^ or u and d quarks. 

The situation is very similar for other new heavy quanta. A Higgs boson, 
of mass niH = 120 GeV say, is expected to decay into bb, t^t~ or 77, among 
others, with expected branching ratios 

B{H -> bb) = 74% (4) 

B{H ^T+T-)^&% (5) 

B{H -^ 77) = 0.2% . (6) 

At LEP2, ZH production is searched for in the bb decay mode of the Higgs, 
i.e. &-quark jets need to be observed and distinguished from lighter quark jets. 
Supersymmetric particles are expected to produce an entire decay chain 
before they can be observed in the detector, an example being the decay of a 
gluino to a squark and a quark, where the squark in turn decays to the lightest 
neutralino, x° or chargino, x^, 

g -^ qq^ qqx" -> Jjf^T , (7) 

~g -. qq -. qq'x^ ^ qq'W^x" ^ qq'l^i^x" ^ JJ^^^T ■ (8) 

In the last step of the decay chain, hadronization of the quarks leads to jets, and 
the neutrino and the neutralino escape the detector, leading to an imbalance 
in the measured momenta of observable particles transverse to the beam, i.e. 
to a missing Ex signature. 

Collider detectors, which are to discover these new particles, must be de- 
signed to observe the decay products, positively identify them and measure 
their direction and their energy in the lab, i.e. determine the momenta of 
electrons, niuons, photons and jets. In addition, the identification of heavy 
quarks, in particular the b quarks arising in Higgs boson and top quark de- 
cays, is very important. Many technical solutions have been developed for this 
purpose, variations in the type of detector doing the reconstruction of charged 
particle tracks, or the energy measurement of electrons and photons (via elec- 
tromagnetic showers) or jets (in a hadronic calorimeter). The basic layout 
of modern collider detectors is remarkably uniform, however, for fundamental 
physics reasons. For the basic level addressed in these lectures, it is sufficient 
to have a brief look at these common, global features. 

The schematic drawing of Fig. H shows a cross section through a typical 
collider detector. The detector has a cylindrical structure, which is wrapped 
around the beam pipe in which the electrons or protons collide, at the center 
of the detector. The standard components of the detector are as follows. 

• Central Tracking: The innermost part of the detector, closest to the in- 
teraction region, records the tracks of the produced charged particles, e^. 
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Figure 4: Schematic cross section through a typical collider detector. Shown, from the beam 
pipe out, are the locations of vertex detector, tracker, electromagnetic calorimeter, hadronic 
calorimeter, and muon chambers. 

/i* , TT^ , K^ and so on. Via the bending of the tracks in a strong mag- 
netic field, pointing along the beam direction, it measures the charged 
particle momenta. 

• Electromagnetic Calorimeter: Neutral particles leave no tracks. They 
need to be measured via total absorption of their energy in a calorime- 
ter. Electrons and photons loose their energy relatively quickly, via an 
electromagnetic shower. Since a shower develops randomly, statistical 
fluctuations limit the accuracy of the energy measurement. Excellent 
results, such as for the CMS detector at the LHCt2l are 
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where the energy E is measured in GeV. Note that neutral pions decay 
into two photons before they leave the beam pipe, and these photons will 
stay very close to each other for large 7r° momentum. Hence, tt^s will be 
recorded in the electromagnetic calorimeter and they can fake photons. 

• Hadronic Calorimeter: Other hadrons are absorbed in the hadron calori- 
meter where their energy deposition is measured, with a statistical error 



which may reach El 

AE 0.4 , , 

Typical hadron calorimeters have a thickness of some 25 absorption 
lengths and normally only muons, which do not interact strongly with 
the heavy nuclei of the hadron calorimeter, will penetrate it. Outside the 
calorimeter one therefore places the 

• Muon Chambers: They record the location where a penetrating particle 
leaves the inner detector, and in several layers follows the direction of 
the track. Together with the central tracking information, this allows to 
measure the curvature of the muon track in the known magnetic fields 
inside the detector and determines the muon momentum. 

• Vertex Detector: Bottom and charm quarks can be identified by the fi- 
nite lifetime, of order 1 ps, of the hadrons which they form. This lifetime 
leads to a decay length of up to a few mm, i.e. the 6 or c decay prod- 
ucts do not point back to the primary interaction vertex, which is much 
smaller, but to a secondary vertex. The decay length can be resolved with 
very high precision tracking. For this purpose modern collider detectors 
possess a solid state micro-vertex detector, very close to the beam-pipe, 
which provides information on the location of tracks with a resolution of 
order 10 /im. This technique now allows to identify centrally produced 
6-quarks, i.e. those that are produced at angles of more than a few de- 
grees with respect to the beams, with efficiencies above 50% and with 
high purity, rejecting non-6 jets with more than 95% probability. 

The various elements of the detector work together to identify the compo- 
nents of an event. An electron would deposit its energy in the electromagnetic 
calorimeter and produce a central track, which distinguishes it from a neutral 
photon. A charged pion or kaon produces a track also, but only a fraction of 
its energy ends up in the electromagnetic calorimeter: most of it leaks into the 
hadronic calorimeter. A muon, finally, deposits little energy in either calori- 
meter, rather it leads to a central track and to hits in the muon chambers. 

If this muon originates from a 6-decay, it will be traveling in the same 
direction as other hadrons belonging to the 6-quark jet. This muon is not 
isolated, as opposed to a muon from a decay W — > fiiy which only has a small 
probability to travel into the same direction as the twenty or thirty hadrons of 
a typical jet. One thus obtains a very detailed picture of the entire event, and 
from this picture one needs to reconstruct what happened at the parton level. 
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3 e+e Colliders 

A full event reconstruction is most easily done at an e+e^ collider where the 
beam particles are elementary objects, i.e. the entire energy of the collision 
can go into the production of heavy particles. In contrast, at hadron colliders, 
the additional partons in the parent protons lead to a spray of hadrons in the 
detector which obscure the parton-parton collision we are interested in. 

In e+e" collisions at energies y/s ^ 160 GeV, the dominant hard process 
is fermion pair production, e"'"e~ — > //. For f — e, fj, this leads to extremely 
clean events with two particles in the final state only, and even the bulk of 
qq production events are easily recognized as dijet events. With the advent of 
LEP2 the situation has become more complicated. As can be seen in Fig. ||, 
W~^W~ and ZZ events are as copious as fermion pair production, but they 
lead to a more complex 4-fermion final state, via the decay of the two Ws 
or Zs into a pair of quarks or leptons each. Let us start our survey of e+e^ 
physics with this new class of events, which will be important in all new high 
energy e"'"e~ colliders. They show interesting features and provide information 
on fundamental parameters of the SM in their own right, but also they form an 
important background to new particle searches, such as charginos for example, 
and we need to analyze them in some detail. 

3.1 W^W^ 'production 

At tree level, three Feynman graphs contribute to the production of W pairsOllj 
They are s-channel 7- and Z-exchange, and t-channel neutrino exchange, and 
are shown in Fig. g[ The dominant features of the production cross section can 
be read off the propagator structure of the individual graphs. While the two 
s-channel amplitudes show a modest dependence on scattering angle only, the 
neutrino exchange graph produces a strong peaking at small scattering angles: 
the propagator factor for this graph is 1/t with t = {p — k)"^ = —2p ■ k + m^. 
In the cm. system we choose the initial electron momentum, p, along the 
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Figure 6: Angular distribution dcr/d cos 8 for e+e~ -^ W^W~ production at (a) y/s = 
500 GeV and (b) y/s = 190 GeV, within the SM. Also shown are the cross sections for 
the various W~W^ helicity combinations (.frriX). Where a sum is shown, both helicity 
combinations give the same result. From Ref. 
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z-axis and define the scattering angle as the angle between the W and the 
e~ direction, i.e. 



-(1,0,0,1) 



fc= ^(l,/3sin6i,0,/3cos6') , (11) 



where /3 = -^/l — Arri^/s is the velocity of the produced W. The denominator 
of the propagator then becomes 



4 V s 



^ ^ 1{1 + f3^ -2Pcose) > '-{1- (3f . (12) 



Close to threshold, i.e. for /3 « 0, there is little angular dependence. At 
high energies, however, as /3 ^ 1, \t\ becomes very small near 6 — and the 1/t 
pole induces a strongly peaked W pair cross section near forward scattering 
angles. This effect is shown in Fig. ^, where the angular distribution da /d cos 6 
for W'^W^ production in the SM is shown, including the contributions from 
different W~ and W~^ helicities, A and A. Angular momentum conservation 
and the fact that left-handed electrons only contribute to the i/-exchange graph, 
lead to a strong polarization of the produced W^s in the forward region: the 
produced W~ helicity is mostly —1 in this region, i.e. it picks up the electron 
helicity. 
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The Ws are only observed via their decay products, W — > //', where three 
£v combinations {i — e, /i, r) and six quark combinations can be produced {ud 
and cs and counting A^ = 3 different colors). Since all quarks and leptons 
couple equally to Ws (when neglecting Cabibbo mixing), and because any 
CKM effects exactly compensate in the decay widths, the branching ratios to 
leptons and hadrons are simply given by 

B(W ^ eiy,) = B{W ^ /ii^^) = B{W ^ tv,) = ^ , (13) 

B{W -> hadrons) = \-2-i = \. (14) 

QCD effects induce corrections of a few percent to these relations. In lowest 
order, a decay W -^ qq' leads to two jets in the final state, and this, combined 
with the branching ratios of Eq. ( p^|jl^ ) , fixes the probabilities for the various 
classes of events to be observed for W^W~ production, 

B{W+W- -^ 4jets) = 46% , (15) 

B{W+W- -^ jj + ei/e, M^^m) = 29% , (16) 

B{W+W- -^ e+i^n?) = fO.5% , (17) 

B{W+W- -^ jj + TVr) = 14.5% . (18) 

Thus, it is most likely to observe the two Ws in 4-jet events, followed by the 
'semileptonic' channel, where one W decays into either electrons or muons. 
The remaining channels have at least two neutrinos in the final state (the 
T decays inside the beam-pipe!) and hence a substantial fraction of the final 
state particles cannot be observed, which limits the reconstruction of the event. 
Fortunately, these more difficult situations comprise only one quarter of the 
W pair sample. 

As we saw when discussing production angular distributions, the Ws are 
strongly polarized. Fortunately, the V — A structure of the VF-fermion cou- 
plings provides a very efficient polarization analyzer for the Ws, via their 
decay distributions. Consider the decay of a right-handed W~ , i.e. of hclicity 
A = -I- 1, as depicted in Fig. in the W rest frame. Because of the V ~ A 
coupling, the decay W -^ /1/2 always leads to a left-handed fermion and a 
right-handed anti-fermion, in the massless fermion limit. The fermion spins 
therefore always line up as shown in the figure. Taking the decay polar angle 
0* —f 0, the combined fermion spins point opposite to the spin of the parent 
W~ . Angular momentum conservation does not allow this, which means that 
the decay amplitude vanishes at cos 9^ = I. The same argument shows that 
for a left-handed W~, of helicity A = — 1, the decay amplitude must vanish 
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Figure 7: Orientation of spins for the decay of a right-handed W~ into a pair of fermions, 
/i/2- Because of the V — A structure of charged currents, the ferniion hehcities are fixed as 
shown. 

for COS 91 = — 1. A quick calculation shows that the decay amplitudes for 
W~ — > /1/2 are proportional to 

D{W- ^ hh){\ = +1) = -^ (1 - COS0*) e^"^* , (19) 

D(W- ^hf2){\ = Q) = -sinei, (20) 

i^(W^--/i/2)(A = -l) = -^(l + cos0*)e-**i, (21) 

where (/)J is the decay azimuthal angle, as indicated in the figure. Analogous 
results are obtained, of course, for the W^ decay angles 02 and 02- 

By measuring the decay angular distributions, i.e. by distinguishing the 
(1 — cos^*)^, sin^ 9* , and (l + cos0*)^ distributions for right-handed, longitudi- 
nal and left-handed polarized PFs, we can measure the average W polarization. 
The full polarization inforniatiop is contained in the 5-fold production and de- 

77 > (22) 



cay angular distributions 



dcos9 d cos 91 dcj)^ dcosl 



Here the decay angles are defined in the W~ and W^+ rest frames, respectively, 
and are measured against the direction of the parent W in the lab. 

A major reason to study this 5-fold angular distribution is the experimental 
determination of the WWZ and WWj couplings which enter in the first two 
Feynman graphs of Fig. g[ This is analogous to the measurement of vector 
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and axial vector couplings of the various fermions to the Z and the W . The 
experiments at LEP2 so far confirm thCj^lVL predictions for these triple-gauge- 
boson couplings at about the 10% levelEj'EJ 

Why would one consider W decay angular distributions if one does not 
want to measure polarizations or triple-gauge-boson couplings? As we saw 
when discussing W production, the produced W~ is very strongly left-handed 
polarized in the forward direction. This polarization has important conse- 
quences for the energy distribution of the decay products, and therefore for 
the way the event appears in the detector. To be definite, let us consider the 
decay W" -^ £~D. In the W rest frame, the four-momentum of the charged 
lepton is given by 

p* ^ —— {1, sin 61 cos (j)l, sin 91 sin (1)1, cos 91) . (23) 

The charged lepton energy in the lab frame is obtained from here via a boost 
of its four-momentum, with a 7-factor 7 = Ew /mw — ^/s/'^^mw, 

p^ = ^{pO*+(3p:)=^!!^(l+(3cos9l)^^{l + (3cos6l). (24) 

Thus, the polar angle of the lepton in the W rest frame can be measured in 
terms of the lepton energy in the lab frame, and the two observables directly 
correspond to each other. This also implies that the energy distributions of 
the leptons in the lab are determined by their angular distributions in the W 
rest frame, and these are fixed by the polarization of the parent W. 

As a concrete example, consider the average energy of the charged lepton. 



for the decay of a left-handed W~ . We need to average the result of Eq. (24) 
over the normalized decay angular distribution, 3/8(1 + cos9*)^, for a left- 
handed W^: 

{p"{n) = ^ l\dcos9*l{l + cos9r{l + Pcos9*) ^ ^{1 + ^) . (25) 

Energy conservation fixes the average neutrino momentum to 

(p°H) = ^(l-f)- (26) 

In the relativistic limit, /3 — > 1, the neutrino receives only 1/3 of the energy of 
the charged lepton, on average, which has important consequences for detection 
and energy measurement of the leptons as well as for the consideration of W 
pair production as backgrounds to new physics searches. 
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Polarization effects can have dramatic effects and one tlierefore needs pre- 
dictions for W pair production and decay which consider the full chain e'^e" — *■ 
W^W~ -^ 4 fermions. In this full 2^-4 process the Ws merely appear as res- 
onant propagators, which are treated as Breit-Wigner resonances. Away from 
the peak of the resonance, seven additional Feynnian graphs contribute, be- 
yond the three shown in Fig. |5|, even for the simplest case, e"'"e~ —> ^i~v^ ud. 
These calculations have been performed E3 and are being used in the actual 
data analysis. 

Another application, which nicely demonstrates the advantages of^+e^ 
collisions, is the VF-mass measurement in W^W^ production at LEP2E3 Let 
us consider the decay W^W~ — > (.vjj as an example. A full reconstruction 
of the Breit-Wigner resonances, and a measurement of its center, at raw i is 
possible with the two jet momenta. However, the measurements of the jets' 
energies have large errors, of order ±15%, and such a direct approach would 
lead to fairly large errors on the extracted W^-mass. One can do much better 
by making use of the known kinematics of the event. 

The 3-momentum of the neutrino in the event can be reconstructed from 
momentum conservation, as 

Vv = -P£ - Pji - Pj2 > (27) 

where we have used the fact that the lab frame is the cm. frame, i.e. the sum 
of all the final state momenta in the lab must add up to zero. The energy of 
the massless neutrino is then given \>)j Ey = |p^|. Energy conservation and the 
equal masses of the two Ws now imply the constraints 

Ew, = Ej, + Ej, = Eb , Ew, =Ei + Ey=Eb, (28) 

where Ei, — ^/s/2 is the beam energy. Even when considering the finite widths 
of the W resonances and the possibility of initial state radiation, i.e. emission 
of photons along the beam direction, which effectively lowers the cm. energy 
^/s, the constraint of Eq. ( p8|) is satisfied to much higher accuracy than the 
precision of the jet energy measurement. One can thus drastically improve the 
14^-mass resolution by using the two constraints to solve for the two unknowns 
Ej-^ and Ej^ and use these values to calculate the W'^ and W~ mass. The 
expected improvement is illustrated in Fig. ^. 

First measurements of the W-mass, using both li'jj and 4-jet eventSpiiave 
already been performed with the 172 and 183 GeV data and resulted inE^ 

TOvi/ = 80.36 ± 0.09 GeV , (29) 

where the results from all four LEP experiments have been combined. Further 
improvements are expected in the near future from the four times larger event 
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Figure 8: Expected W-mass reconstruction in W~^W~ — > iujj events at LEP2. The two 
plots show the invariant mass distribution of the W decayr^roducts before and after using 
the kinematic constraints described in the text. From Ref. Ej- 

sample already collected in 1998. The LEP value agrees well with the one 
extracted from order 10^ leptonic M^-decays observed at the Tevatron, mw = 
80.41 ± 0.09 GeVEZl 



3.2 Chargino pair production 

So far we have considered W^W^ production as a signal. However, VK-pairs 
can be a serious background in the search for other new particles. Let us 
consider one example in some detail, the prodiiction of charginos at LEP2. 

Charginos arise in supersymmetric modelsu as the fermionic partners of the 
W^ and the charged Higgs, H^. Since they carry electric and weak charges, 
they couple to both the photon and the Z and can be pair-produced in e~^e~ 
annihilation. The relevant Feynman graphs are shown in Fig. H(a). Note 
that the graphs for chargino production are completely analogous to the ones 
in Fig. for VF-pair production, a reflection of the supersymmetry of the 
couplings. 

Two charginos are predicted by supersymmetpj. and the lighter one, Xi , 
might be light enough to be pair-produced at LEP2li3 Production cross sections 
can be sizable, ranging from 2 to 5 pb at LEP2 for typical parameters of SUSY 
models. However, the s-channel 7 and Z exchange graphs, and t-channel 
sneutrino exchange in Fig. 0(a), interfere destructively. For small sneutrino 
masses, of order 100 GeV or less, this can lead to a drastic reduction in the 
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Figure 9: Feynman graphs for (a) chargino production in e+e~ annihilation and (b) chargino 
decay into the lightest neutralino, x? a-nd '^ P^^ir of quarks or leptons. 



chargino pair production cross section, in particular near threshold. As a result, 
one must be prepared for production cross sections well below 1 pb at LEP2 
also. In any case, the expected chargino pair cross section can be smaller than 
the cross section for the dominant background, (T(e+e" — > M^+W^) w 17 pb, 
by one order of magnitude or more. 

A chargino, once it is produced, is expected to decay into the lightest neu- 
tralino, x5j ^-iid known quarks and leptons, as shown in Fig. ^(b). The lightest 
neutralino is stable in most SUSY models, due to conserved i?-parity, and does 
not interact inside the detector, thus leading to a missing momentum signa- 
ture. Over large regions of parameter space, where the squarks and sleptons 
entering the chargino decay graphs are quite heavy, the chargino effectively 
decays into the neutralino and a virtual W . This results in a signature which 
is quite similar to M^-pair production, since only the W* decay products are 
seen inside the detector. Thus, LEP looks for the charginos via the production 
and decay chain 

e+e- ^ xtxl ^ x'lxiW^*W-* , (30) 

which, just like W^W^ production, leads to a jjjj signature 46% of the time 
and to an liyjj final state (including r's) in 43.5% of all cases. The only 
difference is the additional presence of two massive neutralinos, which needs 
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to be exploited. 

Since the neutralinos escape detection, the energy deposited in the detector 
typically is less than for W~^W~ events. In addition, the missing neutralinos 
spoil the momentum balance of the visible particles, which leads to a more 
spherically symmetric event than encountered in W pair production. The 
most effective cut arises from the fact, however, that the four-momentum of 
the missing neutrinos and neutralinos can be reconstructed due to the beam 
constraint. Four-momentum conservation for the ivjjx^x^ final state state 
reads 

Pe- + Pe+ =Pe+ Pn + P32 + i> (31) 

from which the missing mass, M^jj^g — j? can be reconstructed. For a W^W^ 
event the missing momentum corresponds to a single neutrino and, thus, 
Afmiss = 0. For the signal, however, one has 

f > 4m|o . (32) 

Not only does the consideration of the missing-tnass allow for effective back- 
ground reduction, to a level below 0.05-0.1 pbl^ but it would also provide a 
measurement of the lightest neutralino mass, once charginos are discovered. 

So far, no chargino signal has been observed at LEP. This pushes the 
chargino mass bound above 90 GeV, provided the chargino-neutralino mass 
difference is suffiriently large to allow enough energy for the visible chargino 
decay productsEj The LEP experiments have searched for other super-partners 
also, like squarks and sleptons, and have not yet discovered any signals. The 
sfermions, since they are scalars, have a softer threshold turn-on, proportional 
to /3^, and hence have a very low pair production cross section if their mass 
is close to the beam energy. As a result, squark and slepton mass bounds 
currently are somewhat weaker than for charginos, but even here_ sfermions 
with masses below 70-85 GeV (depending on flavor) are excludedtj 

3.3 Future e"*"e~ and I-l^ IJ.^ colliders 

An exciting search presently being conducted at LEP is the hunt for the Higgs 
boson, in e+e^ — > ZHtn The mass of the Higgs boson does influence radiative 
corrections to 4-fermion amplitudes, via ZH and WH loops contributing to 
the Z and W propagator corrections. Precise measurements of asymmetries 
in e^e~ — > //, of partial Z widths to leptons and quarks, of atomic parity 
violation etc. allow to extract the expected Higgs mass within the SM. These 
measurements point to a relatively small Hi2ES,p|ass, of about 100 GeV, albeit 
with a large error of about a factor of twoEl^E30 LEP is exactly searching in 
this region. 
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In e+e -^ ZH, the large mass of the accompanymg Z hmits the reach of 
the LEP experiments, to about t3 



rriH 



<^s-mz-h GeV . (33) 



With an eventual cm. energy of ^fs w 200 GeV, this allows discovery of the 
Higgs at LEP, provided its mass is below about 105 GeV. However, measure- 
ments at energies up to 189 GeV have not discovM^d anything yet, setting a 
lower Higgs mass bound, within the SM, of 95 GeVEd We need luck to still find 
a Higgs signal at LEP, before the LEP tunnel needs to be cleared for installing 
the LHC. 

Given the indications for a relatively light Higgs from electroweakjjre- 
cision data, an expectation which is shared by supersymmetric modelsp an 
e+e" collider with higher cm. energy than LEP2 is called for. As explained 
in Section this cannot be a circular machine, duCpto excessive synchrotron 
radiation, but rather should be a linear e+e~ coUiderEj A 500 GeV NLC, with 
a yearly integrated luminosity of 10-100 fb^^, would be a veritable Higgs fac- 
tory. At such a machine, the Higgs production cross section is of order 0.1 pb in 
both the e+e~ -^ ZH production channel (for mu ^ 300 GeV) and also in the 
weak boson fusion channel, where the Higgs boson is radiated off a t-channel 
W (CT(e+e" -^ Uvv) > 0.03 pb for mn ^ 200 GeV). In this mass range, 
the 1000 to 10000 produced Higgs bosons per year would allow for detailed 
investigations of Higgs boson properties, in the clean environment of an e+e" 
collider. Somewhat higher Higgs boson masses, up to mn ~ ^/s — 100 GeV 
(see Eq. (p3)) are accessible as well, albeit with lower production rates. 

The NLC would greatly extend the search region for other new heavy 
particles as well, like the charginos and neutralinos of the MSSM, or its squarks 
and sleptons. Even if theses particles are first discovered at a hadron collider 
like the LHC, the cleaner environment of e~^e~ collisions, the more constrained 
kinematics, and the observability of most of the decay channels give linear 
e+e" colliders great advantages for detailed studies of the properties of any 
new particles. 

This is true also fnr the latest new particle that has been discovered al- 
ready, the top quarktjEj A scan of the top production threshold in e"'"e~ 
collisions, at ^/s — 2mt w 350 GeV, would give an unprecedented precision 
in the measurement of the top quark mass. The simultaneous direct measure- 
ment of the top quark width would determine the Vtb CKM matrix element 
and thus provide a significant test of the electroweak sector. 

Allpthese e~^e~ collider measurements could also be performed at a ^i^ ^^ 
colliderB Such a machine would have the added advantage of an excellent beam 
energy resolution, of order lO^'' or better, while beam-strahlung in the tight 
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focus of an e+e~ linear collider leads to a significant smearing of the cm. 
energy. The very precisely determined beam energy can then be used for a 
scan of the it production threshold, which resolves detailed features like the 
location of the (extremely short-lived) first tt bound state, QCD binding effects 
and the value of the strong coupling constant, or even Higgs exchange effects 
on the shape of the it production threshold. 

Another advantage of a ii^fi^ collider is the larger coupling of the Higgs 
boson to the muon as compared to the electron, due to the muon's 200 times 
larger mass. This allows the direct s-channel production of the Higgs resonance 
in muon collisions, /i^/i^ -^ H. Because of the excellent energy resolution of 
a muon collider, an energy scan of the Higgs resonance would provide us with 
a very precise measurement of the Higgs boson mass, with an error of order 
MeV, and if dedicated efforts are made to keep the energy spread as small a£, 
possible, even the full width of the Higgs resonance can be determined directlyQ 

These examples clearly show that a linear e^e~ collider or a muon collider 
would be a terrific experimental tool and would greatly advance our under- 
standing of particle interactions. Unfortunately, no such machine has been 
approved for construction yet. And it may be argued that we first need to 
establish the existence of new heavy particles before investing several billion 
dollars or euros into a machine to search for them and then study their de- 
tailed properties. For many of the particles predicted by supersymmetry, or 
for the Higgs boson, the machines needed for discovery already exist or are 
under construction, namely the Tcvatron at Fermilab and the LHC at CERN. 

4 Hadron Colliders 

The highest center of mass energies and, hence, the best reach for new heavy 
particles is provided by hadron colliders, the Tevatron with its 2 TeV pp col- 
lisions at present, and the LHC with 14 TeV pp collisions after 2005. At the 
Tevatron the top quark has been discovered in 1994, and Higgs and super- 
symmetry searches will resume in run II. The LHC is expected to do detailed 
investigations of the Higgs sector, and should answer the question whether TeV 
scale supersymmetry is realized in nature. Before discussing how these studies 
can be performed in a hadron collider environment, we need to consider the 
general properties of production processes at these machines in some detail. 

4-1 Hadrons and partons 

A typical hard hadronic collision is sketched in Fig. |l^: one of the subpro- 
cesses contributing to Z+jet production, namely ug — > uZ. The up-quark 
and the gluon carry a fraction of the parent proton momenta only, xi and X2 , 
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Figure 10: One of the subproccsscs contributing to Zj production in pp collisions. The two 
initial partons carry momentum fractions xi and X2 of the incoming proton and anti-proton, 
respectively. 

respectively. Thus, the incoming parton momenta are given by 



Pu = xip = xi — (1,0,0,1) , 
Pg ==a;2p = X2 — (1,0,0,-1) , 



(34) 



and the available center of mass energy for the Z+jet final state is given by 
the root of J = [pu + Pg)^ = 2pu ■ Pg — xiX2S, i.e. it is only a fraction Y^aJIaJJ 
of the collider energy. 

In order to calculate observable production rates, for a process pp ^ X, 
we first need to identify all the parton level subprocesses ai + a2 ^ x = 
bi + b2 + ■ ■ ■ + bn which give the desired signature. In the above example of 
Z+jet production this includes, at tree level, u + u ^ Z + g, u + u ^ Z + g 
(i.e. the subprocess where the anti-M comes from the proton), g + u ^ Z + u, 
u + g ^ Z + u, g + u ^ Z + u, u + g -^ Z + u, and all the corresponding 
subprocesses with the up quark replaced by down, strange, charm, and bottom 
quarks, which are all treated as massless partons inside the proton. The full 
cross section for the process pp ^ X is then given by 



<^ = dxidx2 ^ fai/pixi) fa2/pix2 

subprocesses 

— / d^ri{xip + X2p; Pi .. .p„)6(cuts) 

^|Alp(aia2 ->bib2...bn) ■ 
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(35) 



Here fai/pi^i) is the probability to find parton ai inside the proton, carrying a 
fraction xi of the proton momentum, i.e. the ai parton distribution function. 
Similarly, fa^ /p{^2) is the 02 parton distribution function (pdf) inside the anti- 
proton. In the second line of (pq ) l/2s is the flux factor for the partonic cross 
section, 

d>^^{P:, pi . . .p„) = n ((^^y^) (2^)' ^'^P E^') (36) 

is the Lorentz invariant phase space element, and 0(cuts) is the acceptance 
function, which summarizes the kinematical cuts on all the final state particles, 
i.e. 8 = 1 if all the partons ai satisfy all the acceptance cuts and = oth- 
erwise. Finally, M, in the third line of ( |35| ) is the Feynman amplitude for the 
subprocess in question, squared and summed/ averaged over the polarizations 
and colors of the external partons. 

Compared to the calculation of cross sections for e+e^ collision, the new 
features are integration over pdf 's and the fact that a much larger number of 
partonic subprocesses must be considered for a given experimental signature. 
The introduction of pdf 's introduces an additional uncertainty since they need 
to be extracted from other data, like deep inelastic scattering, W production 
at the Tevatron, or direct photon production. The extraction of pdf 's is con- 
tinuously being updated and refined, and in practice, hadron collider cross 
sections are calculated by using numerical interpolations which are provided 
by the groups improving the pdf setsEEl These pdf determinations have been 
dramatically improved over time and typical pdf uncertainties now are below 
the 5% level, at least in the range 10"^ 1^ x "^ 0.2, which is most important 
for our discussion of new particle production processes. 

More important than the appearance of pdf's are the kinematic effects 
which result from the fact that the hard collision is between partons. Since 
momenta of the incoming partons are not known a priori, we cannot make use 
of a beam energy constraint as in the case of e^e~ collisions. The missing 
information on the momentum parallel to the beam axis affects the analysis of 
events with unobserved particles in the final state, like neutrinos or the lightest 
neutralino. Momentum conservation can only be used for the components 
transverse to the beam axis, i.e. only the missing transverse momentum vector, 
jSj,, can be reconstructed. 

Another effect is that the lab frame and the cm. frame of the hard collision 
no longer coincide. Rather the partonic cm. system receives a longitudinal 
boost in the direction of the beam axis, which depends on xyJx^. This longi- 
tudinal boost is most easily taken into account by describing four-momenta in 
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terms of rapidity y instead of scattering angle 0. For a momentum vector 

p — {E,px,Py,Pz) = £'(l,/3sin6'cos0,/3sin6'sin0,/3cos0) , (37) 

rapidity is defined as 

1 E + p, 

y = o log -t; , 38 

2 E-pz 

which, in the massless limit (/3 — > 1), reduces to pseudo-rapidity, 

1, l + cos^ 

The advantage of using rapidity is that under an arbitrary boost along the 
0-axis, rapidity differences remain invariant, i.e. they directly measure relative 
scattering angles in the partonic cm. frame. Using Eq. (p4), the cm. mo- 
mentum is given by P = •y/s/2(a;i + a;2,0,0, xi — X2) which results in a cm. 
rapidity yc.m. — l/21og(a;i/a;2). As a result, rapidities y* in the partonic cm. 
system and rapidities y in the lab frame are connected by 

y = y*+ Vcrn. - y* + - log — , (40) 

2 X2 

a relation which can be used to determine all scattering angles in the theo- 
retically simpler partonic rest frame whenever all final state momenta can be 
measured and, hence, the cm. momentum P is known. 

4-2 Z and W Production 

One of the early highlights of pp colliders was the discovery of the W and 
Z bosons at the CERN SppS, a 630 GeV pp colliderB W and Z production 
provide a nice example which demonstrates the use of some of the transverse 
observables discussed in the previous subsection. In addition, the story might 
repeat, since nature might have an additional neutral or charged heavy gauge 
boson in store, a Z' or an W' which might appear at the LHC. Let us thus 
consider Z production in some detail. 

The prototypical Drell-Yan process is pp ^ Z ^ £+£~, where, to lowest 
order in the strong coupling constant, the Z can be produced by annihilation 
of a quark-antiquark pair . The partonic subprocess qq — > £^i~ leads to two 
leptons with balancing transverse momenta, which can be parameterized in 
terms of their lab frame pt, pseudo-rapidity 77, and azimuthal angle (j), 

£ = Pt {cosh r], cos (j), sin <j),smhr]^ , (41) 

£ = Pt (cosh fy, — cos (^, — sine/), sinh 77) . (42) 
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Since transverse momentum is invariant under a boost along the z-axis, we 
may as well determine it in the partonic cm. frame, where the H'^ momentum 
is given by 

t = — (1, sin r cos 0, sin r sine/), cos r) . (43) 

One finds pr — rnz/l sin0* by equating the transverse momenta in the two 
frames. This implies 



cost 



4p; 



2 



= Vl -sin^r = Wl- -^ ■ (44) 



Using this relation we obtain the transverse momentum spectrum in terms of 
the lepton angular distribution in the cm. frame, 



da da 

dp^ d cos t 



dcosfl* 



dp. 



2 



^" 1 (45) 



dcosO* mzy/m%/4:-p^ 



The pt distribution diverges at the maximum transverse momentum value, 
PT = mz/2. This Jacobian-peak, so called because it arises from the Jacobian 
factor in Eq. (|45|), is smeared out in practice by finite detector resolution, 
the finite Z-width and QCD effects. Nevertheless, it is an excellent tool to 
determine the W mass in the analogous W ^r tv decay, which has the Jacobian 
peak at half the W mass. 

The Jacobian peak is smeared out considerably by QCD effects, namely 
the emission of additional partons in Drell-Yan production. Only at lowest 
order, in qq — > €+^~ or qq' — > l^v, do the transverse momenta of the two decay 
leptons exactly balance. Taking QCD effects into account, we must consider 
gluon radiation or subprocesses like qg -^ qZ as depicted in Fig. |l^. The 
lepton pair now obtains a transverse momentum, which balances the transverse 
momentum of the additional parton(s) in the final state. In fact, multiple soft 
gluon emission renders a zero probability to lepton pairs with pt[Z) = 0. In 
real life, their transverse momentum distribution peaks at a few GeV, as can 
be seen in Fig. |ll|, which shows the pT{e^e~) distribution as observed at the 
Tevatron. 

When trying to determine the kinematics of an event to better than some 
10% (= C(as)), we need to take soft parton emission into account. One way 
to do this is to use transverse mass instead of transverse momentum of the 
lepton. For W -^ tv decay the transverse mass is defined as 



mT{i,i>T) = ^{ETi + PtY - iPTi + i>TY , (46) 
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Figure 11: Transverse momentum distribution of the produced lepton pair in Drell-Yan 
production, qq -^ 1* jZ — > e+e~, as measured by the CDF Collaboration at the Tevatron. 

i.e. it is determined from the difference of squares of the transverse energy 
and the transverse momentum vector of the iv pair. This is analogous to the 
definition of invariant mass, which in addition inchides the contributions from 
the longitudinal momentum, along the beam axis. The transverse mass retains 
a Jacobian peak, at ?TiT(^, I^j^) = m^vK, even in the presence of QCD radiation. 



J^.3 Extra W and Z bosons 

The SM is a gauge theory based on the gauge group Gsm = SU{2>) x SU{2)l x 
U{1)y and each of these factors is associated with a set of gauge bosons, the 
eight gluons of SU{3), the photon and the W^ and Z of the electroweak 
sector. It is possible, however, that the gauge symmetry of nature is larger, 
which in turn would predict the existence of extra gauge bosons. The apparent 
symmetry of the SM would arise because the extra gauge bosons are too heavy 
to have been observed as yet, made massive by the spontaneous breaking of the 
extra gauge symmetry. Examples of such extended gauge sectors are left-right 
symmetric modelsc3 with 



G = SU{3) X SUi2)R X SUi2)L x f/(l)B_L , 
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where the new SU{2)i^ factor gives rise to an extra charged W with V + A 
couphngs tOjQiiarks and leptons and an additional Z' , or extensions with extra 
U{1) factors^El 

G = SU{3) X SU{2)l X [/(I) X C/(l) , (48) 

which lead to the existence of an extra Z' . Present indirect limits on such extra 
gauge bosons are relatively weakji-and allow extra W are Z' bosons to exist 
with masses above some 500 GeVE3 These indirect bounds are obtained form 
the apparent absence of additional contact interactions, similar to Fermi's four- 
fermion couplings, in low energy data. Given mass bounds of a few hundred 
GeV only, additional gauge bosons, with masses up to several TeV, could 
readily be observed at the LHC. 

The cleanest method for discovering extra, Z' bosons would be through a 
repetition of the historic CERN experiments E3 which lead to the discovery of 
the Z in 1983, i.e. by searching for the Z' resonance peak in 

qq^ Z' ^e+r , i = e,fi. (49) 

The reach of this search depends on the coupling g'f^ ^ of the extra Z' to left- 
and right-handed fermions. The production cross section is proportional to 
(5l)^ + {9r)^- The decay branching fraction, B{Z' -^ i^i~), depends on 
the relative size of this combination of left- and right-handed couplings for 
lepton £ to the same combination, summed over all fermions. If the product 
of production cross section times leptonic branching ratio, 

a-B = a{pp^ Z') B{Z' ^£+e-) , (50) 

is the same as for the SM Z-boson, scaled up to Z' mass, i.e. if the couplings of 
the Z' are SM-like, the LHC experiments can observe a Z' with a mass up to 
mz' = 5 jTeV. Smaller (larger) couplings would decrease (increase) this reach, 
of courseEl 

While the LHC will not be capable of repeating the precision experiments 
of LEP/SLC, for a Z', a lot of additional information can be obtained by more 
detailed observations of leptonic Z' decaysEj One measurement which would be 
of particular importance is the determination of the lepton charge asymmetry. 
At the parton level, the forward-backward charge asymmetry measures the 
relative number of qq ^ Z' ^ I'^l^ events where the £^ goes into the same 
hemisphere as the incident quark, as compared to events where the £~^ goes 
into the quark direction. In terms of the pseudo-rapidity of the £~ , rj*, as 
measured relative to the incident quark direction, i.e. 

, 1 1 + cosr 

77 = - log , (51) 

' 2 ^l-cos6i* ' ^ ' 
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where 9* is the cm. frame angle between the incident quark and the final state 
(,~ (or the angle between the incident anti-quark and the final state i?+), the 
forward-backward asymmetry, at the parton level, is given by 



U _ aJV* > 0) - crjrj* < 0) _ 3 jg'^f - jg'^)^ jg'k? ~ Jg'l? 
^^ a{n* > 0) + a{rj* < 0) 4 {g'^)^ + {g'^f {g'^Y + {^g'[f 



One sees that a measurement of the forward-backward asymmetry gives a direct 
comparison of left-handed and right-handed couplings of the Z' to leptons and 
quarks. 

Unfortunately, at a pp-collider, the two proton beams have equal proba- 
bilities to originate the quark or the antiquark in the collision, and, therefore, 
the forward backward asymmetry averages to zero when considering all events. 
One can make use of the different Feynman x distributions of up and down 
quarks as opposed to anti-quarks, however. At small a;, quarks and anti-quarks 
have roughly equal pdf's, q(x) k, q{x), while at large x the valence quarks dom- 
inate by a sizable fraction, q{x) ^ q{x). In the experiment one measures the 
rapidities j/+ and y_ of the £+ and £~ , respectively. Since the leptons are 
back-to-back in the cm. frame, their cm. rapidities cancel, and the sum of 
the lab frame rapidities gives the rapidity y — yc.m. of the cm. frame, 

y^7^{y+ + y-) = T^^og— , (53) 

2 2 X2 

while their difference measures 77*, 

^ 1, I + COS6I* 1, , , ^, 

r] = -log TT = 7:{V- - V+) ■ (54) 

' 2 ^l-cos6l* 2^'^ ^^' ^ ' 

At y > we have Xi > X2, and therefore it is more likely that the quark 
came from the left, while at y < an anti-quark from the left is dominant. 
Measuring both -q* and y, the charge asymmetry. 






A(v) = "^^ "'^ f55) 

'£(r>o) + f(r?*<o)' 



can be determined. Of course, we have A{y) ~ —A{—y) at a pp collider, where 
the two sides are equivalent, and the average over all y vanishes. At fixed j/, 
however, A{y) is analogous to the forward-backward charge asymmetry at e^e~ 
colliders, and it measures the relative size of left-handed and right-handed Z' 
couplings. 

Different extra gauge groups predict substantially different sizes for left- 
and right-handed couplings of the Z' to quarks and leptons. Thus, the lepton 
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charge asymmetry, A{y), is a very powerful tool to distinguish different models, 
once a Z' has been discovered. 

Similar to the Z' search, the search for a heavy charged gauge boson, 
W', would repeat the W search at CERN in the early eighties. One would 
study events consisting of a charged lepton and a neutrino, signified by missing 
transverse momentum opposite to the charged lepton direction. The mass 
of the W' is then determined by the Jacobian peak in the transverse mass 
distribution, at mT{i,i>j<) = mw ■ For a W' with SM strength couplings, the 
LHC can find it and measure its mass, up to W masses of order 5 TeV, by 
searching for a^shoulder in the transverse mass distribution and measuring its 
cutoff at mw' u 

^.4 Top search at the Tevatron 

The leptonic decay oi a W or Z produces a fairly clean signature at a hadron 
collider. Perhaps_Diore typical for a new particle search was the discovery of 
the top quark EjO at the Fermilab Tevatron. A much more complex signal 
needed to be isolated from large QCD backgrounds. At the same time the top 
discovery provides a beautiful example for the use of hadronic jets as a tool for 
discovering new particles. Let us have a brief, historical look at the top quark 
search at the Tevatron, from this particular viewpoint. 

In pp collisions at the Tevatron, the top quark is produced via quark anti- 
quark annihilation, qq — > ti, and, less importantly, via gg — + tt. Production 
cross sections have been calculated at ncxt-to-leading order, and are expected 
to be around 5 pb for a top mass of 175 GeVEJ The large top decay width 
which is expected in the SM, 

r(t -> W+b) w 1.6 GeV , (56) 

implies that the t and t decay well before hadronization, and the same is true 
for the subsequent decay of the W bosons. Thus, a parton level simulation 
for the complete decay chain, including final parton correlations, is a reliable 
means of predicting detailed properties of the signal. The top quark signal, 
tt -^ bW^ bW~, is determined by the various decay modes of the W^W~ 



pair, whose branching ratios were discussed in Sec. 3.1. In order to distinguish 
the signal from multi-jet backgrounds, the leptonic decay W ^ iv {i = e, /i) 
of at least one of the two final state Ws is extremely helpful. On the other 
hand, the leptonic decay of both W& into electrons or muons has a branching 
ratio of ~ 4% only, and thus the prime top search channel is the decay chain 

tt -^ bW+ bW- -^ tu qq bb . (57) 
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Figure 12: Number oi W + n jet events in the CDF top quark search as a function of jot 
multipUcity. Number of observed events are given without fe-tagging (open circles) and with 
an SVX tag (triangles). The expected background, mainly from QCD W + n jet eventsHp 
given by the cross-hatched bars. From the original CDF top quark discovery paper, Ref.EJ. 



Within the SM, this channel has an expected branching ratio of « 30%. After 
hadronization each of the final state quarks in ( p7| ) may emerge as a hadronic 
jet, provided it carries enough energy. Thus the ti signal is expected in VF-l-3 jet 
and T1^ + 4 jet eventqj. 

Events with leptonic W decays and several jets can also arise from QCD 



corrections to the basic Drell-Yan process qq 



W^ 



The process 



ug — > dggW'^, for example, will give rise to W + i jet events and its cross 
section and the cross sections for all other subprocesses with a W and three 
partons in the final state need to be calculated in order to assess the QCD 
background oi W + 3 jet events^ at tree level. W-.+ n jet cross sections have 
been calculated for n = 3 jetsEj and n = A jetsE3 As in the experiment, the 
calculated W + n jet cross sections depend critically on the minimal transverse 
energy of a jet. CDF, for example, requires a cluster of hadrons to carry 
Et > 15 GeV to be identified as a jetlp and this observed Et must then be 
translated into the corresponding parton transverse momentum in order to get 



-fCluon bremsstrahlung may increase the number of jets further and thus all W+ > 3 jet 
events are potential tt candidates. 
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a prediction for the W + n jet cross sections. 

At this level the QCD backgrounds are still too large to give a viable top 
quark signal. The situation was improved substantially by using the fact that 
two of the four final state partons in the signal are 6-quarks, while only a 
small fraction of the W + n parton background events have 6-quarks in the 
final state. These fractions are readily calculated by using W + n jet Monte 
Carlo programs. There are several experimental techniques to identify 5-quark 
jets, all based on the weak decays of the produced 5's. One method is to use 
the finite b lifetime of about r = 1.5 ps which leads to 5-decay vertices which 
are displaced by jct — few mm from the primary interaction vertex. These 
displaced vertices can be resolved by precision tracking, with the aid of their 
Silicon VerteX detector in the case of CDF, and the method is, therefore, called 
SVX tag. In a second method, b decays are identified by the soft leptons which 
arise in the weak decay chain b —^ Wi*c, c —^ W*s, where either one of the 
virtual Ws may decay leptonicallyE3J2j 

The combined results of using jet multiplicities and SVX 6-tagging to iso- 
late the top quark signal are shown in Fig. O. A clear excess of 5-tagged 
3 and 4 jet events is observed above the expected background. The excess 
events would become insignificant if all jet multiplicities were combined or if 
no 6-tag were used (see open circles). Thus jet counting and the identification 
of 6-quark jets are critical for identification of top quark events. 

Beyond counting the number of jets above a certain transverse enjergy, 
the more detailed kinematic distributions, their summed scalar Et^ scB and 
multi-jet invariant masses, have also been critical in the top quark search. The 
top quark mass determination, for example, relies on a good understanding of 
these distributions. Ideally, in a <t — > {(.^ i'b){qqb) event, for example, the two 
subsystem invariant masses should be equal to the top quark mass, 

rrit ~ m{t^vb) k, m{qqb) . (58) 

Including measurement errors, wrong assignment of observed jets to the two 
clusters, etc. one needs to perform a constrained fit to extract mt- The 1995 
CDF result of this fitcJ is shown in Fig. |l^. In addition, the figure demonstrates 
that the observed 5-tagged ly -f 4 jet events (solid histogram) are considerably 
harder than the QCD background (dotted histogram). On the other hand the 
data agree very well with the top quark hypothesis (dashed histogram). 

By now, the top quark has been observed in all three decay channels of the 
W^W~ pair, purely leptonic W decays, W^W~ -^ f-vjj, and 4-jet decays, and 
all channels have been used to extract the top-quark mass. Results at present 
are 

TOt = 172.1 ±7.1 GeV, (59) 
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Figure 13: Reconstructed mass distribution for W+ > 4 jet events with a fe-tag. The solid 
histogram represents the CDF data. Also included are the expected background (dotted 
histogram) and the expected signal+background for mt = 175 GeV. The insert shows the 
likelihood fit to (fetermine the top quark mass, which yielded nit = 176 it 8 it 10 GeV at the 
time. From Ref.Ej. 



(60) 



from the DO CoUaborationlp and 

mt = 176.0 ±6.5 GeV 
from the CDF CoUaborationEB 



5 Higgs search at the LHC 

With the top-quark discovery at the Tevatron, the elementary fermions of 
the SM have all been observed. The missing ingredient, as far as the SM is 
concerned, is the Higgs boson. LEP2 is likely to find it if its mass is below 
« 105 GeV. The Tevatron has a chance to discover the Higgs boson iiLthe 
processes qq -^ WH, H —> bb (for Higgs massea below sa 130 GeV) l3 or 
gg^ H ^ WW* (for 130 GeV< mn < 180 GeV)Eiif sufhcient luminosity can 
be collected within the next few years. (Between 10 and 30 fb~^ are required 
for this purpose.) The best candidate for Higgs discovery and detailed Higgs 
studies within the next ten years is the LHC, however. 



32 





H 



(a) (b) 

Figure 14: Feynman graphs for the two dominant Higgs production processes at the LHC, 
(a) gluon-gluon fusion via a top-quark loop and (b) weak boson fusion. 

5.1 Higgs production channels 

A Higgs boson can be produced in a variety of processes at the LHC. The 
machine has sufficient energy to excite heavy quanta, and since the Higgs boson 
couples to other particles proportional to their mass, this leads to efficient Higgs 
production modes. The two dominant processes are shown in Fig. O, gluon 
fusion, gg — > H, which proceeds via a top quark loop, and weak boson fusion, 
qq — > qqH ^ where the two incoming quarks radiate two virtual Ws or Zs which 
then annihilate to form the Higgs. The expected cross sections for both are in 
the 1-30 pb range, and are shown in Fig. |l^ as a function of the Higgs mass. 
Beyond these two, a variety of heavy particle production processes may 
radiate a relatively light Higgs boson at an appreciable rate. These include 
WH (or ZH) associated production, 

qq -^ WH , (61) 

which is the analogue of ZH production at e+e^ colliders, and ttH (or hhH) 
associated production, 

qq -> ttH , gg -^ ttH . (62) 

As can be seen in Fig. |l^, these associated production cross sections are quite 
small for large Higgs boson masses, but can become interesting for mH ^ 
150 GeV, because the decay products of the additional Ws or top quarks 
provide characteristic signatures of associated Higgs production events which 
allow for excellent background suppression. 

In the most relevant region, 400 GeV ^ niH J^ 110 GeV, which will not 
be accessible by LEP, the total SM Higgs production cross section is of the 
order 10-30 pb, which corresponds to some 10^ events per year at the LHC, 
even at the initial 'low' luminosity of £ = 10^'^ cm~^sec~^. This already 
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Figure 15: Production cross sections for the SM Higgs boson at the LHC. From Ref.ES. 

indicates that the main problem at the LHC is the visibihty of the signal in 
an environment with very large QCD backgrounds, and this visibility critically 
depends on the decay mode of the Higgs. The decays H -^ bb, cc, gg all lead 
to a dijet signature and are very difficult to identify, because dijet production 
at a hadron collider is such a common-place occurrence. More promising are 
H -^ ZZ -^ £^i^£^i^ and iJ ^ 77 which have much smaller backgrounds to 
contend with. 



5.2 Higgs search in the H —>■ ZZ mode 

The expected branching ratios of the SM Higgs to the various final states 
are shown in Fig. |l^. For mn > 180 GeV, the H -^ ZZ threshold, Higgs 
decay to WW and ZZ dominates, and of the various decay raodes of the two 
weak bosons, ZZ -^ £^i~£~^£~ gives the cleanest signatured Not only can 
the invariant mass of the two lepton pairs be reconstructed, and their arising 
from Z decay be confirmed, also the invariant mass of the four charged leptons 
reconstructs the Higgs mass. Thus, the Higgs signal appears as a resonance in 
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Figure 16: i— Decay branching fractions of the SM Higgs boson, as a function of Higgs mass. 
From Ref. M. 



the 7Ti4£ invariant mass distribution. ZZ backgrounds are limited at the LHC, 
they mostly arise from qq -^ ZZ processes, i.e. continuum ZZ production. The 
Higgs resonance needs to be observed on top of this irreducible background. 
Estimates are that with IDCLib"^ the LHC detectors can see ZZ -^ 41 for 
180 GeV< ruH ^ 600 GeviQ 

The only disadvantage of this 'gold-plated' Higgs search mode is the rela- 
tively small branching ratio of B{H -* ZZ ^ £+£'£+£") « 0.15%. For large 
Higgs masses the gold-plated mode becomes rate limited, and additional Higgs 
decay modes must be searched for. H -^ ZZ — > i'D£~^£~, the 'silver-plated' 
mode, has about a six times larger rate, but because of the unobserved neu- 
trinos it does not provide for a direct Higgs mass reconstruction. The large 
missing Ex and the two observed leptons allow a measurement of the trans- 
verse mass, however, with a Jacobian peak at rriH, analogous to the W ^ £v 
example. H — > ZZ — ^ vvl^t'~ events allow an extension of the Higgs search 
to ruH ~ 0.8-1 TeV. 

Another promising search mode for a heavy Higgs boson \s H -^ WW — > 
(■vji, where the Higgs boson is produced in the weak boson fusion process, as 
depicted in Fig. [L4|(b). The two quarks in the process qq — > qqH result in two 
additional jets, which have a large mutual invariant mass, and the presence 
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of these two jets is a very characteristic signature of weak boson fusion pro- 
cesses. These two jets are typically emitted at forward angles, corresponding 
to pseudo-rapidities between ±2 to ±4.5. Requiring the observation of these 
two 'forward tagging jets' substantially reduces the backgrounds and leads to 
an observahliipSignal for Higgs boson masses in the 600 GeV to 1 TeV range 
and aboveBlHJo This technique of forward jet-tagging cap_Tnore generally be 
used to search for any weak boson scattering processesHH However, it is as 
useful for the study of a weakly interacting Higgs sector at the LHC, and we 
shall consider it below in some detail in that context. 

Fits to electroweak precision data, from LEP and SLC, from lower en- 
ergy data as well as from the jUjevatron, are increasingly pointing to a rela- 
tively small Higgs boson masspl between 100 and 200 GeV, at least within 
the context of the SM. Thus, interest at present is focused on search strate- 
gies for a relatively light Higgs boson. The search in the gold-plated-channel, 
H -^ i^i~i^i~ , can be extended well below the Z-pair thresholdElll3 As can 



be read off Fig. 16, the branching ratio H -^ ZZ*, into one real and one 
virtual Z, remains above the few percent level for Higgs boson masses as low 
as 130 GeV. With an integrated luminosity of around 100 fb~^ the SM Higgs 
resonance can be observed the LHC, above nin w 130 GeV. A problematic 
region is the 160 GeV< uih <180 GeV range, however, where the branching 
ratio H -^ £'^£~£'^£~ takes a serious dip: this is the region where the Higgs 
boson can decay into two on-shell Ws, while the ZZ channel is still below 
threshold for two on-shell Zs. While sufficiently large amounts of data will 
yield a positive Higgs signal in this region, the observation in the dominant 
decay channel, via H -^ W^W^ -^ l^vl^v has a_much higher rate and can 
in fact be distinguished from backgrounds as wella 

5.3 Search in the iJ — )■ 77 channel 

For a relatively light SM Higgs boson, of mass itlh ^150 GeV, the cleanest 
search mode is the decay H —f 77. Photon energies can be measured with high 
precision at the LHC, resulting in a very good m-yy invariant mass resolution, 
of order 1 GeV for Higgs masses around 100-150 GeV. In fact, the design of the 
LHC detectors has been driven by a good search capability for these events. 
Since the natural Higgs width is only a few MeV in this mass range, the Higgs 
would appear as as a very narrow peak in the 77 invariant mass distribution. 
The simplest search is for all _ff -^ 77 events, irrespective of the Higgs 
production mode. Backgrounds arise from double photon bremsstrahlung pro- 
cesses like 

gq -> gq-f-f , qq -> 91777 , etc. (63) 
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Figure 17: Expected H — > 77 signal in the CMS detector at the LHC, after one year of 



running at a luminosity of 10 



Shown are the expected Higgs resonance peaks 



in the 77 invariant mass distributions (a) in the inclusive H — > 77 search after background 
subtraction for Higgs masses of 90, 110, 130, and 150 GeV, and[-(h) for WH and ttH 
associated production with m^f = 80, 100, and 120 GeV. From Ref.E3. 



pair production of photons in qq annihilation and in giuon fusion (via quark 
loops), 

m^ll , 99-^11 , (64) 

and from reducible backgrounds, in particular from jets where the bulk of the 
jet's energy is carried by a single 7r°, whose decay into two nearby photons 
may not be resolved and may mimic a single photon in the detector. 

Bremsstrahlung photons tend to be emitted close to the parent quark 
direction, i.e. they are close in angle to a nearby jet. The same is true for 
photons from tt" decays, these photons are usually embedded into a hadronic 
jet. One therefore requires the signal photons to be well isolated, i.e. to have 
little hadronic activity at small angular separations 



Ai? 



\/(^7 - mY + (<^7 ~ <t>jf 



(65) 



Here (ry^, 0-y) give the photon direction and (rjj, (f)j) denotes the direction 
of hadronic activity, be it hadrons, partons in a perturbative calculation, or 
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jets. A practical requirement may be that the total energy carried by hadrons 
within a cone of radius AR = 0.3 be less that 10% of the photon energy 
and that no hard jet is found with a separation AR < 0.7. Photon isolation 
requirements drastically reduce bremsstrahlung and QCD (tt") backgrounds 
and are absolutely crucial for identifying any signal. 

Another characteristic feature of the backgrounds is their soft photon spec- 
trum: background rates drop quite fast with increased photon transverse mo- 
mentum, pT-y- This plays into the features of the signal. Since a Higgs boson 
decays isotropically, with E-y — uih/^ in the Higgs rest frame, photon trans- 
verse momenta in the range mn /4: ^ px^y < mn /2 are favored. In practice, 
when searching for a Higgs boson in the 100 GeV < niH < 150 GeV range, 
one requires pr-yi > 40 GeV, PT72 > 25 GeV for the two photons, which 
together with the isolation requirepient reduces the background to a level of 
order da/dm^^ =100-200 fb/GeVEl This needs to be compared to the SM 
Higgs signal, which has a cross section, after cuts, of a ■ B{H -^ -f-f) w 40 fb 
for masses around mu = 120 GeV. 

The visibility of the signal crucially depends on the mass resolution of 
of the detector. For CMS (ATLAS) one expects a resolution of order ct„i — 
±0.8 GeV (±1.5 GeV). Taking the better CMS resolution and an integrated 
luminosity of 50 fb^^ as an example, one would see S = 0.683 • 2000 ~ 1400 
signal events in a mass bin of full width 1.6 GeV, on top of a background 
oi B = 13000 • 1.6 = 21000 events, giving a statistical significance S/\fB of 
almost 10 standard deviations, a very significant discovery! The expected two- 
photon mass spectrum, after background subtraction, is shown in Fig. 0(a). 
The above example only conveys the rough size of the signal and background 
in the inclusive H ^ jj search. More detailed estimates for a range of Higgs 
masses, including detection efficiencies, the decline of background rates with 
increasing 7Ti^~_£Lnd variations in the signal rate as a function of mn can be 
found inRefs.yy. 

The main disadvantage of the inclusive H — > 77 search is the relatively 
small signal size as compared to the background, S* : i? « 1 : 15 for CMS and 
even smaller for ATLAS. A much cleaner signal can be found by looking for 
Higgs production in association with other particles, in particular the isolated 
leptons arising from W decays in WH and ttH associated production. A high 
Pt isolated lepton is very unlikely to be produced in most background processes 
with two photons, and, thus, a signal to background ratio of about 1:1 or even 
better can be achieved. The results of a simulation of the anticipated m-yy 
spectrum are shown in Fig. |l^(b), again for the CMS detectorEj While S : B 
is very good, cross sections are much lower than in the inclusive H — > 77 
search and integrated luminosities of order 100 fb~^ or larger are needed for a 
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significant signal in these associated production channels. 

5.4 Weak boson fusion 

There is a danger in relying too much on the H —^ 77 decay channel for 
a light Higgs boson, of course: it implicitly assumes that the Higgs partial 
decay widths are indeed as large as predicted by the SM. Approximately, the 
two-photon branching ratio is given by 

B{H -^ 77) = r(g->77) 

^ ' " r{H ->hb) + ...' ^ ' 

i.e. a strongly increased partial width for H —f bb can render the H —f 77 
channel unobservably small. This is what happens in the MSSM, with its two 
Higgs doublets, which lead to two CP-even scalars, the light h and a heavier 
state, H. For large tan/3 = Wi/u2, the 6-quark Yukawa coupling is enhanced, 
leading to a suppressed h — > 77 branching ratio over large regions of parameter 
space.H One thus needs to prepare for a search in other decay channels as 
well. And even if the H — > 77 mode is observed first, the other channels will 
be needed to learn about the various couplings of the Higgs boson, to weak 
bosons, quarks and leptons, i.e. they need to be studied in order to understand 
the dynamics of the symmetry breaking sector. 

In any model which treats lepton and quark mass-generation symmetri- 
cally, the H -^ bb and H — > t^t^ decay widths move in unison because both 
represent the isospin —1/2 component of a third generation doublet. Thus, 
the h -^ T^T'' branching ratio is fairly stable, staying at the 8-9% level in e.g. 
the MSSM over large regions of parameter space where the h -^ 77 branching 
ratio may be suppressed by large factors. Interestingly, the tau decay mode is 
observable in the most copious of the associated Higgs production processes, 
weak boson fusion as depicted in Fig. |^ 

Traditionally, weak boson fusion has been considered mainly as a method 
for studying a strongly interacting symmetry breaking sectorp where one en- 
counters either a very heavy Higgs boson or non-Higgs dynamics such as in 
technicolor models. However, as is evident from Fig. nH, the weak boson fusion 
cross section, a{qq —^ qqH), is as large as a few pb also for a Higgs boson in 
the 100 GeV range, which in the SM corresponds to 10-20% of the total Higgs 
production rate. 

A characteristic feature of weak boson fusion events are the two accompa- 
nying quarks (or anti-quarks) from which the "incoming" Ws or Zs have been 

§In the following, no distinction will be made between different scalar states. H generically 
denotes the Higgs resonance which is being searched for. 
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radiated (see Fig. |l^(b)). In general these scattered quarks will give rise to 
hadronic jets. By tagging them, i.e. by requiring that they am-iibserved in 
the detector, one obtains a powerful background rejection toolOL3 Whether 
such an approach can be successful depends on the properties of the tagging 
jets: their typical transverse momenta, their energies, and their angular distri- 
butions. 

Similar to the emission of virtual photons from a high energy electron 
beam, the incoming weak bosons tend to carry a small fraction of the incom- 
ing parton energy. At the same time the incoming weak bosons must carry 
substantial energy, of order ?7i///2, in order to produce the Higgs boson. Thus 
the final state quarks in qq —^ qqH events typically carry very high energies, 
of order 1 TeV. This is to be contrasted with their transverse momenta, which 
are of order px ~ myy. This low scale is set by the weak boson propagators in 
Fig. |lj(b) , which introduce a factor 

Dviq') = 2~^ 2 ~ 2 i 2 (67) 

q'' — my p^ + rriy 

into the production amplitudes and suppress the qq -^ qqH cross section for 
quark transverse momenta above mv- The modest transverse momentum and 
high energy of the scattered quark corresponds to a small scattering angle, 
typically in the 1 < 77 < 5 pseudo-rapidity region. 

These general arguments are confirmed by Fig. Hq, where the transverse 
momentum and pseudo-rapidity distributions of the two potential tagging jets 
are shown for the production of a niH = 120 GeV Higgs boson at the LHC. 
One finds that one of the two quark jets has substantially lower median pT 
(~ 35 GeV) than the other (ft! 70 GeV), and therefore experiments must be 
prepared to identify fairly low px forward jets. A typical requirement would 
be@ 

PT,(i,„ > 40, 20 GeV , ^^ | < 5.0 , m,i ^2 > 1 TeV , (68) 

where, in addition, the tagging jets are required to be in opposite hemispheres, 
with the Higgs decay products between them. 

While these requirements will suppress backgrounds substantially, the most 
crucial issue is identification of the H ^ tt decay products and the measure- 
ment of the T^T^ invariant mass. The r's decay inside the beam pipe and 
only their decay products, an electron or muon in the case of leptonic de- 
cays, T~ — > 1~viVt, and an extremely narrow hadronic jet for r -^ K^Vt 
(h = TT, p, a\) are seen inside the detector. The presence of a charged lepton, of 
PT > 20 GeV, is crucial in order to trigger on an iJ ^ t~^t~ event. Allowing 
the other r to decay hadronically then yields the highest signal rate. Even 
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Figure 18: Transverse momentum and pseudo-rapidity distributions of the two (anti)quark 
jets in qq — > qqH events at the LHC. Shown are (a) dcr/dpj'j for the highest (dashed curve) 
and lowest pT jet (solid curve) and (b) dcr/d\r]j\ for the most forward (dashed curve) and 
the most central jet (solid curve). 

though the hadronic r decay is seen as a hadronic jet, this jet is not a typical 
QCD jet. Rather, the r-jet is extremely well coUimated and it normally con- 
tains a sipgle charged track only (so called 1-prong r decay). An analysis by 
ATLASho has shown that hadronically decaying r's, of pr > 40 GeV, can be 
identified with an efficiency of 26% while rejecting QCD jets at the 1:400 level. 
At first sight the two or more missing neutrinos in _ff — > t'^t~ decays seem 
to preclude a measurement of the t~^t~ invariant mass. However, because of 
the small t mass, the decay products of the r"*" or the r^ all move in the same 
direction, i.e. the directions of the unobserved neutrinos are known. Their 
energy can be inferred by measuring the missing transverse momentum vector 
of the event. Denoting by Xt, and Xr^ the fractions of the parent r carried by 
the observed lepton and decay hadrons, the transverse momentum vectors are 
related by 

i>T^i—- 1) PTi + (— - 1) PTh ■ (69) 

Xri Xrf^ 

As long as the the decay products are not back-to-back, Eq. ( |69| ) gives two 
conditions for Xt^ and provides the r momenta as pf/x^, and p/j/xj^, respec- 
tively. As a result, the r+r^ invariant mass can be reconstructed p3 with an 
accuracy of order 10-15%. 

Backgrounds to H ^ tt events in weak boson fusion arise from several 
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sources. First is the production of real t^t^ pairs in "Zjj events", where the 
real or virtual Z or photon, which decays into a r pair, is produced in asso- 
ciation with two jets. In addition, any source of isolated leptons and three or 
more jets gives a background since one of the jets may be misidentified as a t 
hadronic decay. Such reducible backgrounds can arise from VF + 3 jet produc- 
tion or heavy flavor production, in particular bbjj events, where the W or one 
of the &-quarks decay into a charged lepton. Identifying the two forward jets of 
the signal, with a large separation, jr^j^ — rjj^l > 4.4, and large invariant mass, 
substantially limits these backgrounds, as do the r-identification requirements. 
Additional background reduction is achieved by asking for consistent values of 
the reconstructed r momentum fractions carried by the central lepton and 
T-like jet, 

Xr, < 0.75 , 2:^;, < 1 • (70) 

Finally, a characteristic difference between the weak boson fusion signal and 
the QCD backgrounds is in the amount and angular distribution of gluon ra- 
diation in the central regionua The qq — > qqH signal proceeds without color 
exchange between the scattered quarks. Similar to photon bremsstrahlung in 
Rutherford scattering, gluon radiation will be emitted in the very forward and 
very backward directions, between the tagging jets and the beam direction. 
Gluons giving rise to a soft jet are a rare occurrence in the central region. The 
background processes, on the other hand, proceed by color exchange between 
the incident partons, and here, fairly hard gluon radiation in the central re- 
gion is quite common. A veto on any additional jet activity between the two 
tagging jets, of pxj > 20 GeV, is expected to reduce the_DCD backgrounds 
by about 80% while reducing the signal by 20-30% onlyH Combining these 
various techniques, forward jet tagging, r-identification, r-pair mass recon- 
struction, and the central jet veto, one obtains a very low background signal 
(S:B « 7:1 for niH = 120 GeV, significantly worse only for a Higgs which is 
degenerate with the Z) which is large enough to give a highly significant signal 
with an integrated luminosity of 30-50 fb~^. The expected r-pair invariant 
mass distribution, for a Higgs mass of 120 GeV, is shown in Fig. |9|. 

The forward jet tagging and central jet vetoing techniques described above 
can be used for isolating any weak boson fusion signal. Another example is the 
search for H — > 77 events, where the Higgs has been produced via qq — > qqH. 
About 20-30 fb^^ of integrated luminosity are suffkient to observe the SM 
Higgs boson in the 110-150 GeV mass range this way^l which is comparable to 
the inclusive H —f jj search described earlier. By observing both production 
channels, however, gg —> H and qq -^ qqH, separate information is obtained 
on the Hit and HVV couplings which determine the production cross sections. 

As should be clear from the preceding examples, a veritable arsenal of 
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Figure 19: Reconstructed t^t~ invariant mass distribution expected in weak boson fusion 
events at the LHC, for a SM Higgs boson of mass mu = 120 GeV. Tlie solid line represents 
the sum of the signal and all backgrounds. Individual components are shown as histograms: 
the qq — > qqH signal (solid), the irreducible QCD Zjj background (dashed), the irreducible 
EW Zjj background (dotted), and the combined Wj + jj and bbjj reducible backgrounds 
(dash-dotted). From Ref.B. 

methods is available at the LHC to search for the Higgs boson and to analyze 
its properties. A single one of the methods may be sufficient for discovery of the 
Higgs and measurement of its mass. However, discovery will only start a much 
more important endeavor, for which all the tools will be needed: determining 
the various couplings of the Higgs boson to gauge bosons and heavy fcrmions, 
answering the question whether additional particles arise from the symmetry 
breaking sector, like the H^ and pseudo-scalar A of two Higgs doublet models, 
and, thus, finding the dynamics which is responsible for SU{2) x U{1) breaking 
in nature. New methods are still being developed for this purpose, and all will 
be needed to answer these fundamental questions. 



6 Conclusions 

Our discussion has touched on a number of the investigations which can be 
conducted at e+e~ and hadron colliders, or at a future muon collider. It is by 
no means complete, however. The strategies for identifying a supersymmetry 

43 



signal at the LHC, for example, have not been discussed in any detail. The 
reader is referred to other TASI lectures for this purposeu Some general prop- 
erties of experimental possibilities should have emerged, however. Both e'^e^ 
and hadron colliders provide the necessary energy and luminosity to search for 
new particles, and to investigate their properties, once they have been discov- 
ered. In these goals, the two types of machines complement each other. 

For the foreseeable future, hadron colliders produce the highest parton 
center of mass energies and therefore have the longest reach in producing very 
heavy objects. Their disadvantage is the large pp cross section, i.e. the fact that 
any new physics signal needs to be extracted from backgrounds whose rates 
are larger by many orders of magnitude. We have studied several examples 
of how this can be done. Electroweak decays, with their resulting isolated 
photons and leptons, are crucial to identify top quarks, heavy gauge bosons or 
the Higgs. But precise features of the hadronic part of new particle production 
events provide equally important information. Examples are the multiple jets 
and tagged 6-quarks in top decays, and the two forward tagging jets in weak 
boson fusion events. 

e^e^ colliders benefit from much better signal to background ratios, lack 
of an underlying event as encountered in hadron collisions, and the constrained 
kinematics which results from the point-like character of the beam particles: 
beam constraints are extremely useful tools in the reconstruction of events. 
The disadvantage of e+e" colliders is their limited energy reach, of course, as 
compared to hadron colliders. 

Only time will show which of these machines, the Tevatron, LEP2, the 
LHC, an NLC, or a muon collider, will give us the most important clues to 
what lies beyond the standard model. But given their capabilities, exciting 
times ahead of us are virtually assured. 
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